The topological surface states of three dimensional TIs possess a single spin-polarized Dirac cone originated from strong spin-orbit coupling [1] [2] [3] . The unique surface states are expected to host exotic topological quantum effects [4] [5] [6] Figure 1c , here the DP lies within the bulk gap and the E F lies in the BVB due to the hole-type bulk carriers induced by Sb-Te antisite defects. Intuitively, by mixing the two compounds one can simultaneously achieve charge compensation and tune the position of the DP, which may lead eventually to an ideal TI with exposed DP and insulating bulk.
Introduction
The topological surface states of three dimensional TIs possess a single spin-polarized Dirac cone originated from strong spin-orbit coupling [1] [2] [3] . The unique surface states are expected to host exotic topological quantum effects [4] [5] [6] and find applications in spintronics and quantum computation. The experimental realization of these ideas requires fabrication of versatile devices based on bulk-insulating TIs with tunable surface states. However, the currently available TI materials exemplified by Bi 2 Se 3 and Bi 2 Te 3 7 always show conductive bulk states due to the defect-induced charge carriers. Tuning the band structure of the TIs to eliminate the bulk states is one of the most urgent tasks in the field, but the problem remains unsolved despite extensive efforts involving nanostructuring 8 , chemical doping [9] [10] [11] [12] [13] [14] [15] and electrical gating [16] [17] [18] [19] .
Energy band engineering in conventional semiconductor is a powerful approach for tailoring the electronic structure of materials 20 . A notable example is the isostructural isovalent alloy of the III-V semiconductors Al x Ga 1-x As grown on GaAs by MBE, in which the energy gap can be tuned continuously by the mixing ratio of AlAs and GaAs. Such energy band tuning has been essential for heterostructures which were later used for discovery of fractional quantum Hall effect and invention of high speed electronics.
band in Bi 2 Te 3 . First, the Dirac point (DP) is buried in the bulk valence band (BVB) hence cannot be accessed by transport experiment and, more seriously, the Fermi level (E F ) lies in the bulk conduction band (BCB) due to the electron-type bulk carriers induced by Te vacancies. The band structure of pure Sb 2 Te 3 7,21 , on the other hand, is drastically different. As shown schematically in Figure 1c , here the DP lies within the bulk gap and the E F lies in the BVB due to the hole-type bulk carriers induced by Sb-Te antisite defects. Intuitively, by mixing the two compounds one can simultaneously achieve charge compensation and tune the position of the DP, which may lead eventually to an ideal TI with exposed DP and insulating bulk.
Here we report the band structure engineering in TIs by fabricating alloys of near the DP. Meanwhile, the E F moves downwards from the BCB, indicating the reduction of the electron-type bulk carriers. Moreover, the DP moves upwards relative to the BVB due to the increasing weight of the Sb 2 Te 3 band structure. When the Sb content is increased to x = 0.88 ( Fig.   2e ), both the DP and E F lie within the bulk energy gap. The system is now an ideal TI with a truly insulating bulk and a nearly symmetric surface Dirac cone with exposed DP. Notably, when
x increases from x = 0.94 (Fig. 2f ) to 0.96 (Fig. 2g ), E F moves from above the DP to below it, indicating a crossover from electron-to hole-type Dirac fermion gas. The charge neutrality point (CNP) where E F meets DP can thus be identified to be located between x = 0.94 and 0.96.
It is quite remarkable that the topological surface states exist in the entire composition range of (Bi 1-x Sb x ) 2 Te 3 , which implies that the nontrivial Z 2 topology of the bulk band is very robust against alloying. This is in contrast to the Bi 1-x Sb x alloy, the first discovered 3D TI in which the topological surface states only exist within a narrow composition range near x = 0.10 22,23 .
Figures 3a to 3c summarize the characteristics of the surface Dirac band in the (Bi 1-x Sb x ) 2 Te 3 compounds, which are extracted following the procedure presented in the Supplementary
Information and illustrated in Supplementary Figures S3 and S4 . The position of the DP rises continuously from below the top of BVB near the Γ point at x = 0 to way above that at x = 1 (Fig.   3a ). This is accompanied by a drastic change of the relative position of E F and DP (Fig. 3b) ternary compounds are effectively a series of new TIs. The bulk electronic structures, including the geometry of BCB and BVB as well as the energy gap between them, are also expected to change with x. They are of interests in their own rights, but will not be the main focus of the current work.
Transport properties. The systematic Dirac band evolution also manifests itself in the transport properties. Figure 4 The evolution of the Hall effect is totally consistent with the surface band structure revealed by ARPES in Figure 2 . To make a more quantitative comparison between the two experiments, we use the n 2D derived from the Hall effect to estimate the Fermi wavevector k F of the surface Dirac band. By assuming zero bulk contribution and an isotropic circular Dirac cone structure
Here D is the degeneracy of the Dirac fermion and | | Figures 5d to 5f summarize the evolution of the low T transport properties with Sb content x.
The resistance value shows a maximum at x = 0.94 with R □ > 10 kΩ and decreases systematically on both sides. Correspondingly, the carrier density |n 2D | reaches a minimum at x = 0.96 with |n 2D | = 1.4×10 12 /cm 2 and increases on both sides. Using the measured R□ and |n 2D |, the mobility μ of the Dirac fermions can be estimated by using the Drude formula σ 2D = |n 2D |eμ, where σ 2D = 1/R□. As a function of x the mobility also peaks near the CNP and decreases rapidly on both sides. The "V"-shaped dependence of the transport properties on the Sb content x clearly demonstrate the systematic tuning of the surface band structure across the CNP.
Discussion
The good agreement with ARPES suggests that the transport results are consistent with the properties of the surface Dirac fermions without bulk contribution. Moreover, the alloying allows us to approach the close vicinity of the CNP, which gives a very low |n 2D | in the order of 1×10 12 /cm 2 . The (Bi 1-x Sb x ) 2 Te 3 compounds thus represent an ideal TI system to reach the extreme quantum regime because now a strong magnetic field can squeeze the Dirac fermions to the lowest few Landau levels. Indeed, the Hall resistance of the x = 0.96 film shown in Figure 5a is close to 7kΩ at 15T, which is a significant fraction of the quantum resistance. Future transport measurements on (Bi 1-x Sb x ) 2 Te 3 films with higher mobility to even stronger magnetic field hold great promises for uncovering the unconventional quantum Hall effect of the topological surface states 24,25 .
The band structure engineering offers many enticing opportunities for designing conceptually new experimental or device schemes based on the TIs. For example, we can apply the idea of compositionally graded doping (CGD) in conventional semiconductor devices 20 to the TIs to achieve spatially variable Dirac cone structures. Figure 6a illustrates the schematic of vertical CGD TIs, in which the top and bottom surfaces have opposite types of Dirac fermions and can be used for studying the proposed topological exciton condensation 26 . The spatial asymmetry of the surface Dirac bands can also be used to realize the electrical control of spin current by using the spin-momentum locking in the topological surfaces for spintronic applications 27 . Figure 6b illustrates the schematic of horizontal CGD TIs, by which a topological p-n junction between hole-and electron-type TIs can be fabricated. ARPES measurements. The in situ ARPES measurements are carried out at room temperature by using a Scienta SES2002 electron energy analyzer. A Helium discharge lamp with a photon energy of hν = 21.218 eV is used as the photon source. The energy resolution of the electron energy analyzer is set at 15meV. All the spectra shown in the paper are taken along the K-Γ-K direction. To avoid sample charging during ARPES measurements due to the insulating sapphire substrate, a 300-nm-thick titanium (Ti) film is deposited at both ends of the substrate which is connected to the sample holder. The sample is grounded through these contacts once a continuous film is formed. The sample setup for the ARPES measurements is illustrated schematically in the Supplementary Figure S2 . To avoid sample charging during ARPES measurements due to the insulating sapphire substrate, a 300-nm-thick titanium (Ti) film is deposited at both ends of the substrate which is connected to the sample holder. The sample is grounded through these contacts once a continuous film is formed. 
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The effect of film thickness on the transport properties
All the data shown in this work are taken on (Bi 1-x Sb x ) 2 Te 3 films with thickness d = 5QL.
There are two main considerations for choosing this particular film thickness. The first requirement is that the TI film must be thick enough so that there is no coupling between the top and bottom surfaces. For the (Bi 1-x Sb x ) 2 Te 3 compounds, the coupling between the two surfaces vanishes for d ≥ 4QL. The 5QL films used here have completely decoupled surface states, as seen by the absence of energy gap at the Dirac point measured by ARPES. Our collaborators also performed scanning tunneling spectroscopy, which have much better energy resolution than ARPES, on similar films and confirmed this conclusion. The second requirement concerning the film thickness is that it should be thin enough so that the bulk conduction can be safely ignored. Although we can tune the Fermi level into the bulk energy gap by using the band engineering technique, there is always unavoidable bulk conduction via variable range hopping through the defects. With increasing film thickness this contribution becomes more pronounced. Take the Bi 2 Te 2 Se TI single crystal as an example.
Even though the Fermi level lies in the bulk energy gap and the bulk defect density is very low, the bulk states still account for ~94% of the total conduction 29 . A major advantage of the MBE technique is that we can grow ultrathin films of TIs with large surface to volume ratio.
In the 5QL films the bulk conduction is negligible so that the transport is dominated by surface states. Therefore the 5QL thickness is chosen because it is the optimal thickness where the coupling of the surfaces vanishes and the bulk conduction can be safely ignored.
The ability to reach the ultrathin regime of TIs in a controlled manner is actually an important advantage of the MBE growth technique.
Analysis of the ARPES data
In Figures 3a to 3c of the main text we show the x dependence of the relevant parameters of the surface band structure measured by ARPES. Here we use the spectrum of the x = 0.88 film as an example to demonstrate the ARPES data analysis procedure.
In order to enhance the visibility of the band structure, the second-order differential The x values in the (Bi 1-x Sb x ) 2 Te 3 films are determined through two independent methods.
The first method is to calculate it through the Bi/Sb flux ratio used in the growth of a For the x = 0.88 film, for example, the temperatures of the sources are T Bi = 505°C, T Sb = 365°C, T Te = 325°C, and the temperature of the substrate is T substrate = 180°C. The growth rate under these conditions is about 0.15 QL/min.
In the second method we directly measure the composition of the (Bi 1-x Sb x ) 2 Te 3 film by using inductively coupled plasma atomic emission spectroscopy (ICP-AES). For ICP-AES measurements, thicker films (above 50nm) are needed to give sufficient accuracy. Growth of such thick films is rather time-consuming with the current growth rate of our MBE system.
Therefore we did not perform the ICP-AES measurement on every sample. In the two (Bi 1-x Sb x ) 2 Te 3 samples that we have measured, the difference between the x value determined by ICP-AES and that estimated from the flux ratio is around 5%. The reasonably good agreement indicates that the x value estimated from the Bi/Sb flux ratio, which is the number used in the manuscript, is quite reliable.
Effect of the Te capping layer on the transport properties of the (Bi 1-x Sb x ) 2 Te 3 films
For the device structure that we are using, the total measured conductance consists of three terms. In addition to that from the TI film, the conductance of the substrate and the capping layer is also picked up in the measurements. The sapphire substrate is an excellent film. Therefore at room temperature the error in the sample resistance value induced by the parallel conduction of the Te capping layer is less than 10%. The R Te value increases rapidly with lowering T. It reaches 1MΩ at T = 120K and at the base temperature T = 1.5K it is close to 100MΩ, which is about four orders of magnitude larger than that in the most resistive x = 0.94 film. Therefore the contribution of the Te film to the measured transport properties can be safely ignored, especially at the most interesting low T regime where the Hall effect is taken.
Another concern about the Te capping layer is whether it will cause any significant change of the surface electronic structure of the TI films. To clarify this issue, we have between the two curves, where the uncapped film shows a larger resistance and weaker T dependence than the capped film. The difference is too large to be explained merely by the parallel conduction from the 20nm amorphous Te layer in the capped film. We believe that the larger resistance and weaker T dependence in the uncapped film is mainly due to the surface adsorbates that tends to degrade the quality of the surface and lower the mobility of the surface state Dirac fermions. Nevertheless, the qualitative behavior of the two films is very similar, suggesting that the Te capping layer does not significantly alter the electronic structure of the (Bi 1-x Sb x ) 2 Te 3 films.
